An overview of the crust and upper mantle structure of the Central America and Caribbean region is presented as a result of the processing of more than 200 seismograms recorded by digital broadband stations from SSSN and GSN seismic networks. By FTAN analysis of the fundamental mode of the Rayleigh waves, group velocity dispersion curves are obtained in the period range from 10 s to 40 s; the error of these measurements varies from 0.06 and 0.10 km/s. From the dispersion curves, seven tomographic maps at different periods and with average spatial resolution of 500 km are obtained. Using the logical combinatorial classification techniques, eight main groups of dispersion curves are determined from the tomographic maps and eleven main regions, each one characterized by one kind of dispersion curves, are identified. The average dispersion curves obtained for each region are extended to 150 s by adding data from the tomographic study of [3] and inverted using a non-linear procedure. As a result of the inversion process, a set of models of the Swave velocity vs. depth in the crust and upper mantle are found. In six regions, we identify a typically oceanic crust and upper mantle structure, while in the other two the models are consistent with the presence of a continental structure. Two regions, located over the major geological zones of the accretionary crust of the Caribbean region, are characterized by a peculiar crust and upper mantle structure, indicating the presence of lithospheric roots reaching, at least, about 200 km of depth.
Introduction
The Caribbean region comprises the sea with the same name, an island arc and continental portions of Central and South America. This region is mainly characterized by oceanic crust with great heterogeneities that reveal its complex geology. There are important tectonic elements as the Cayman Trough (where a process of formation of oceanic crust is in progress), the Cayman Ridge and Gonave microplate, as well as zones with accretionary crust (where the North American plate is subducting the Caribbean one, and the Nazca and Cocos Plates are subducting the Caribbean and North American Plates). A detailed analysis of the geological and tectonic characteristics of this region can be found in [4] . Pioneering studies of the dispersion of group velocity of Rayleigh waves in the region that includes Caribbean, Central America, Central Western Atlantic Ocean and Northern part of South America were performed in the sixties [5] [6] [7] , and in Cuba somewhat later [8] .
In the last years, the existence of specific software, for data processing and inversion, and of broadband stations (BB) with digital recording in the area has increased the quality of the available dispersion measurements. In an earlier paper [9] the group velocity dispersion curves for the fundamental mode of Rayleigh waves was determined along several paths and inverted to obtain crustupper mantle models. The availability of data about the crust structure, summarized and generalized by several authors e.g. [4, 10] , the most recent regional studies [3, [11] [12] [13] [14] [15] and global studies [16] [17] [18] allow us now to make a refined study of the region. For this purpose we perform Rayleigh waves group velocity tomography, considering relatively short paths (regional trajectories), we regionalize the dispersion curves locally obtained by the tomography and we invert them, into average regionalized structural models, with a non-linear inversion scheme.
Data
The primary selection of waveforms, to be used in the dispersion analysis, has been done in the World Data Center (IRIS) and in the archives of the Cuban National Seismological Service (SSSN) imposing the following criteria on the source properties: Depth: h < 75km, Magnitude: M S > 5.0, Latitude (North): 0° -35°, Longitude (West): 50° -120°. As a result, 205 records, obtained in 13 broadband regional stations (Table 1) , have been processed and the corresponding dispersion curves, in the period range from 10 s to 40 s [37] , have been obtained (Table 2 ). The upper period limit is imposed by the technical characteristics of the BB stations of the Cuban National Seismological Service [19] , which recorded the largest number of seismograms. The stations, epicenters and paths are shown in Fig. 1 .
The method a) Determination of dispersion curves and tomographic maps.
The dispersion curves of the fundamental mode of Rayleigh waves along each path are determined using the frequency-time analysis (FTAN), in its most updated version [1, 2] . The experimental errors of these measurements for each period range from 0.06 to 0.09 km/s and are determined as the average between the differences of group velocity values for at least 5 pair of paths, where for each pair the station is the same and the distance between the epicenters is less than 0.3°. For the tomographic analysis, the methodology described in [20] [21] [22] is applied to the dispersion curves and a set of seven tomographic maps for periods ranging from 10 s to 40 s at intervals of 5 s are obtained (Fig.2) . The lateral resolution (a) determined by the coverage of paths is about 500 km in the Central-West Caribbean, the Antilles and the south of Central America (Fig.3) ; the azimuthal resolution (ε) of the traces [22] indicates, in general, an adequate spatial distribution of paths for this region (Fig. 4) . As could be expected, due to the inclusion of relatively more local dispersion paths, the lateral resolution we reach is higher than the one obtained by [3] for this area.
b) Regionalization analysis of tomography results
Considering their lateral resolution, the tomographic maps are discretized in cells of 2° x 2°, for which cellular dispersion curves are determined. A discrimination based on tomography resolution over the original 200 (2° x 2°) cells is done and only those cells belonging to the areas where the lateral resolution is ≤ 500 km have been selected. They essentially correspond to a region that comprises Central-Eastern Caribbean, Central America and the Northernmost part of Western Venezuela and Colombia. For each of the 81 selected cells, a group velocity dispersion curve is constructed. Their visual inspection evidences the presence of regions with an approximately similar dispersion.
To delimit such regions spatially, the grouping of the dispersion curves is performed using an extension of the non-supervised logical-combinatorial algorithms included in PROGNOSIS system [23, 24] . The main characteristics of the algorithm are the following:
• Let the grid point number "j" be the object "O j ". An object is described in terms of the variables "x t (O j )", t=1,n. In our case, the variables are the values of the group velocity at different periods.
• Let
be the distance between two objects for the variable "x t ", defined as:
where ε t is the permitted difference between the values of the variable "t" (selected as the experimental error in the dispersion curves). The similarity between objects is calculated by the formula:
where n is the number of considered variables and t p is the "informative weight" of the variable "t" that may vary between 0 and 1 (selected equal to 0.7 for the period of 10 s. and equal to 1 for all other periods).
• An object belongs to a compact set if the most β o -similar to it belongs to this set too, or if it is the most similar to another object belonging to the set.
• The procedure starts by fixing the β o -level, then the corresponding β o -compact sets are determined. This process is made interactively using the procedure described by Pico [24] . The difference between the informative weight selected for the period T=10 s and the other periods, is due to the fact that this point of the dispersion curves is, in general, the most difficult to determine by FTAN analysis.
The classification of the 81 curves has been done with a similarity level β o = 0.51. As a result of the process, eight groups of dispersion curves are obtained ( fig. 5 ), which allow us to perform the zoning of the studied region shown in fig.6 . In the map there is an additional differentiation between regions with the same typical curve, but with significantly different, a priori known, properties, which require separate inversion. c) Determination of the S-wave velocities vs. depth models for the crust and the upper mantle We extend our dispersion relations to longer periods using the group velocity tomographic results of [3] , ranging from 50 sec. to 150 sec ( Table 2 ). The associated experimental error at each period is determined as the square root of the sum of the square of the measurement error group velocity measurements and the standard deviation of the group velocity from the average value in the region ( Table 2 ). The non-linear inversion method called ¨hedgehog¨ [25] has been applied to the average dispersion curves for each region. For each structural model, group velocity curves are computed and if, at each period, the difference between the computed and the experimental values is less than the measurement error, and if the r.m.s. value of the differences is less than a chosen fraction (usually about 60%) of the average single point experimental error, ρ g , the model is accepted [26, 27] . The inverted parameters are the thickness of five layers and their Vs velocities (Table 3) , with Vp/Vs = √3. The density is fixed from its relation with Vp, in rough agreement with the Nafe-Drake relation [28, 29] . The parameterization of the input data and the determination of the appropriated step (∆P i ) of each inverted parameter is made following the procedure described by [27] , and using the code developed by [30] for the analytical determination of the partial derivatives of the dispersion relations with respect to the structural parameters. A generalization from the available regional and global information is used to fix the parameters of the upper crust and sedimentary layers, while, for the water layers, bathymetric information from [31] is used. The structure deeper than 350 km is the same for all the considered cells and is defined accordingly with already published models, e.g. [17, 32] . For each region, to reduce the effects of the projection of possible systematic errors into the inverted structural model, the r.m.s. of the chosen solution is as close as possible to the average value of the r.m.s. of all solutions for the region. If more than one solution satisfies this "average r.m.s." criterion, among them, it is preferred the one in which the ∆P i values are most frequently present (Table 4) .
Discussion
The tomographic maps ( fig. 2 ) evidence the geotectonic heterogeneity of the Caribbean region, as it was expected from a-priori knowledge [4, 15] . Both the tomographic maps and the structural models obtained as a result of the inversion indicate a predominance of oceanic-like crust, with evidences for other crustal types in some parts of the studied region. Region 1 (figures 6 and 7), which comprises the Cayman Trough, evidences an oceanic type of crust with a Moho at a depth of about 15km. The upper mantle shear-wave velocity, in the range 4.15-4.3 km/s, points towards the presence of a young ocean [33] [34] [35] . This result is in very good agreement with the results of previous investigations based on different geophysical methods, e.g. [4, 36] . In region 5 (figures 6 and 7) that corresponds to part of the Colombian Basin and North of the Panama Deformed Belt, the crust is oceanic, the Moho depth being at about 18 km with an average Vs above about 3.6 km/s, typical of the lower crust. This crustal thickness, anomalously large for a standard oceanic crust, could be an indication of the presence of some kind of accretionary crust, mainly present in the Panama Deformed Belt [4] . The upper mantle velocity in the range 4.35-4.65 km/s suggests that here the ocean is older than in the Cayman Trough. In both oceanic regions a slight low velocity channel can be present in the mantle. The regions 2a (comprised in the Southern Nicaraguan Rise) and 2b (including parts of Venezuelan Basin and Beata Ridge; figures 6 and 7) are characterized by the same type of dispersion curve. In both cases a crust of oceanic type (thickened) is present, the Moho depth is in the range 20-30 km, the upper mantle shear velocity can be as high as 4.7 km/s and a low velocity channel in the mantle, starting at depths in the range 55 -75 km, suggests an aged oceanic crust [35] . In both regions two crustal layers are present, one of them, the thicker, with a velocity ranging from 3.45 to 3.65 km/s, the other in region 2a represents a thin upper crust layer and in region 2b a thin crustal low velocity channel. The regions 6a, 6b and 6c (figures 6 and 7) are located in geological provinces where mainly an accretionary crust is present [4] . In region 6a, coinciding with the Central American accretionary complex, and with part of the Chortis Block and Maya Block of Central America (the last two blocks have been previously identified as continental by [4] ), the Moho depth is in the range 27-45 km, while in regions 6b and 6c it is in the range 22-33 km. In region 6b, coinciding with the complex accretionary type of crust present in the Greater Antilles Deformed Belt, there is a low velocity channel in the crust, while the upper mantle properties are consistent with the presence of lithospheric roots, extending to depths of more than 200 km. Region 6c, included in the South Caribbean-northern South America accretionary complexes [4] , is characterized by a fairly deep low velocity channel in the mantle, indicating that the lithospheric roots may reach, here, about 200 km of depth. In the three regions two crustal layers are present. In regions 6a and 6c, that contain the Cocos-Caribbean and South Caribbean subduction zones respectively, the Vs in the lower one is relatively high. In region 3 (figures 6 and 7), which is contained in the Maya Block, the Moho has a depth in the range 29-44 km and points toward the presence of a (possibly thickened) continental type of crust. In region 4 (figures 6 and 7), in the eastern part of the Maya Block, the Moho is at a depth in the range 27.5-35.5 km, in agreement with the presence of continental crust in this geological province. In both regions two well distinct, upper and lower crustal layers are identified and a wide low velocity channel in the mantle is present, starting at depths ranging from about 70 km to 100 km, as it could be expected in a stable continental platform [35] . The Eastern Nicaraguan Rise comprises the region 7b (figures 6 and 7): the presence of a thickened oceanic type of crust is consistent with a Moho depth ranging from 19.5 km to 25.5 km and with the presence of a well developed low velocity channel in the upper mantle, while in region 7a (figures 6 and 7; Yucatan Basin, parts of Cayman Trough and Greater Antilles accretionary complex) the Moho depth is in the range 14.5 -24.5 km, with a lowest upper mantle velocity ranging from 4.0 km/s to 4.15 km/s and a high lower crust velocity (3.75 -3.95 km/s). The features shown in 7a are well consistent with previous results form seismic profiles studies [12] . Other curves, which were grouped as type 8 by the logical-combinatorial procedure, did not determine any specific region; therefore they have not been inverted.
Conclusions
1. The tomographic study of the group velocity of the fundamental mode of Rayleigh waves in the range from 10 to 40 seconds in the Central-West Caribbean improves our knowledge about the crust and upper mantle properties of this region, evidences its heterogeneity and the predominant presence of oceanic-like crust in the region.
2. Eleven regions have been identified on the base of the similarity of their group velocity dispersion properties. For each region the structure of the crust and upper mantle, as obtained by non-linear inversion of extended dispersion curves until 150 s, is described by S-waves velocity vs. depth models. Table 4 . Range of variability of the parameters h (thickness) and Vs for each layer of the chosen solution. (Grey area evidences fixed parameters). In the table the values of the inverted parameters are rounded off to 0.5 km or to 0.05km/s. We take into account the a priori information used to constrain the inversion, therefore, for each parameter, the chosen value does not necessarily fall in the centre of the variability range that can turn out to be smaller than the step, ∆Pi, used in the inversion. The thickness marked by * is not a truly inverted parameter, but it satisfies the condition that the total thickness from the free surface to the top of the fixed upper mantle is equal to a predefined quantity H. In this study H=350 km. The structure deeper than H is the same for all the considered cells and it has been fixed accordingly with already published models [17, 32] . 
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Figure1.
Epicenters (stars), stations (black points) and seismic paths selected for surface wave tomography. 
